The free ER Ca 2+ concentration, [Ca 2+ ] ER , is a key parameter that determines both the spatio-temporal pattern of Ca 2+ signals as well as the activity of ER-resident enzymes. Obtaining accurate, time-resolved measurements of the Ca 2+ activity within the ER is thus critical for our understanding of cell signaling. Such measurements, however, are particularly challenging given the highly dynamic nature of Ca 2+ signals, the complex architecture of the ER, and the difficulty of addressing probes specifically into the ER lumen. Prompted by these challenges, a number of ingenious approaches have been developed over the last years to measure ER Ca 2+ by optical means. The two main strategies used to date are Ca 2+ -sensitive synthetic dyes trapped into organelles and genetically encoded probes, based either on the photoprotein aequorin or on the green fluorescent protein (GFP). The GFP-based Ca 2+ indicators comprise the camgaroo and pericam probes based on a circularly permutated GFP, and the cameleon probes, which rely on the fluorescence resonance energy transfer (FRET) between two GFP mutants of different colors. Each approach offers unique advantages and suffers from specific drawbacks. In this review, we will discuss the advantages and pitfalls of using the genetically encoded "cameleon" Ca 2+ indicators for ER Ca 2+ measurements.
Introduction
Measuring the dynamic Ca 2+ signals occurring within the lumen of intracellular organelles poses a number of specific constraints. To obtain reliable estimates of the free ER Ca 2+ concentration, one should be able to label the organelle selectively and to detect Ca 2+ fluctuations that are orders of magnitudes higher than in the cytosol. At the same time, the function of the cell and of its organelles should be preserved. Not surprisingly, all the approaches developed to date rely on optical techniques, which allow the measurement of labeled structures located deep inside cells or tissue with high sensitivity and minimal interference. The first attempts relied on synthetic fluorescent chelators such as Mag-fura-2, which were found to accumulate into the ER under high temperature loading conditions [1] [2] [3] . The dyes are easy to load and provide a bright fluorescence signal, but the targeting is not specific and excess cytosolic dye has to be removed by permeabilization or by dialysis via a patch pipette to reveal the ଝ Supplementary data associated with this article can be found at doi:10.1016/S0143-4160(03)00081-2.
* Corresponding author. Tel.: +41-22-702-51-11. E-mail address: nicolas.demaurex@medecine.unige.ch (N. Demaurex).
ER staining. Furthermore, the dyes do not accumulate well in the ER of some cell types and gradually leak out from cells at physiological temperatures. The use of the bioluminescent protein aequorin provided a significant improvement, as this genetically encoded Ca 2+ sensor allows both stable and specific ER labeling [4] [5] [6] [7] [8] . However, aequorin requires the incorporation of the cofactor coelenterazine and is very difficult to image because it emits less than one photon per molecule. Furthermore, aequorin is irreversibly consumed by Ca 2+ , precluding long-term measurements in Ca 2+ -rich compartments such as the ER. Chimeras proteins based on the green fluorescent protein (GFP) and calmodulin (CaM) combine the benefits of molecular targeting, tuneable Ca 2+ affinity, and bright fluorescence [9, 10] . Much effort has been devoted to the molecular engineering of these promising Ca 2+ indicators. Several types of GFP/CaM probes have (and are still being) developed, in which Ca 2+ either alters the fluorescence of a circularly permutated GFP (camgaroos, G-Cam, and pericams) or promotes the reversible association of two GFP mutants of different colours (cameleons). This last approach takes advantage of the radiation-free transfer of energy that occurs when two fluorophores with overlapping excitation/emission spectra are brought in close proximity (1-8 nm). By linking together the two GFP partners with a flexible linker sequence, intramolecular fluorescence resonance energy transfer (FRET) can be reversibly induced, and conformation changes within the fusion protein are transduced into changes in colour ( Fig. 1) . Romoser et al. were the first to use this approach to generate a Ca 2+ probe, by inserting the calmodulin-binding domain from smooth muscle light chain kinase (M13) between two GFPs [11] . Binding of Ca 2+ -bound CaM to this hybrid protein increases the distance between the two GFP mutants, resulting in a decrease in FRET. However, the probe reported the changes in Ca 2+ /CaM activity, rather than in the free Ca 2+ concentration. Miyawaki et al. went a step further by designing the cameleons, which contain both CaM and its binding peptide M13 as a Ca 2+ sensing module sandwiched between two GFP [9] . Upon binding of Ca 2+ , CaM preferentially wraps around its neighboring M13 peptide, bringing the two GFP together and increasing FRET. As both CaM and M13 are included within the cameleon protein, the M13 peptide is much less likely to interact with endogenous CaM proteins and to interfere with cellular functions. The original cameleons used a blue fluorescent protein (BFP) as a FRET donor and GFP as the acceptor. However, BFP has a poor quantum yield, is very sensitive to bleaching and has its peak excitation in the UV range, raising concerns of phototoxicity and autofluorescence. The more efficient yellow cameleons (YC) use the enhanced cyan emitting mutant of the green fluorescent protein (ECFP) as the donor and the yellow-emitting mutant (EYFP) as the acceptor (Fig. 1) . ECFP and EYFP are spectrally well separated with sufficient overlap between their respective emission and excitation peaks to generate a good FRET signal. These two GFP mutants are now the preferred FRET partners for biological applications. The increase in FRET efficiency can be easily detected by exciting the ECFP donor at 430 nm and measuring the shift in fluorescence emission from 480 nm (the peak of the ECFP donor emission) to 535 nm (the peak of the EYFP acceptor emission). In the YC, the shift from 480 to 535 nm is directly proportional to the amount of Ca 2+ linked to YC and the probes behave as ratiometric Ca 2+ indicators.
The cameleons immediately generated tremendous interest, because the use of GFP as a Ca 2+ indicator provides several key advantages for in vivo imaging. The protein can be expressed in a variety of cells and spontaneously generates a bright fluorescence without the need for a cofactor. GFP can be targeted precisely to specific tissues, organelles, or cellular micro domains by simple molecular engineering. This unique property has been exploited to measure Ca 2+ signals with YC in cells or organisms previously unreachable by conventional techniques ( Table 1) . The ability to adjust the calcium affinity of YC by mutating calcium-binding acidic residues within its calmodulin module further allow to design probes that match the calcium concentration within the organelle of interest. Unfortunately however, the original probes displayed a marked pH dependency, suffered from a small dynamic range, and were difficult to express in some cells or organelles because the folding and maturation of the protein at 37 • C was poor. Since then, substantial work has been devoted to improve these GFP-based Ca 2+ indicators. The published steps retracing their ongoing evolution toward an optimal Ca 2+ probe are reviewed in the next section.
Design and evolution of cameleons
The successive rounds of cameleon engineering are reflected in the nomenclature, with probes numbered according to their decreasing Ca 2+ affinities and successive version ( Table 1 ). The first series comprised three probes with distinct Ca 2+ affinities: YC2, bearing the "wild-type" CaM module (E31/E104), YC3, bearing the E104Q substitution (E31/Q104) and YC4, bearing the E31Q substitution (Q31/E104). YC2 displays a biphasic Ca 2+ -binding curve and reports [Ca 2+ ] variations between 100 nM and 10 M. YC3 has a slightly lower affinity for Ca 2+ and a monophasic response, and is suitable for monitoring [Ca 2+ ] changes from 1 to 100 M. YC4 has a much lower affinity and reports [Ca 2+ ] changes in the range 10 M to 1 mM [9] . This first series of YC has been used extensively for Ca 2+ measurements in the ER, with the lowest affinity probe (YC4 ER ) matching the ER concentrations found in resting cells (∼500 M) and the higher affinity probe (YC3 ER ) matching the values found in Ca 2+ -depleted cells ( Table 1) .
The original YC suffered from the strong pH-dependency of the EYFP mutant, whose fluorescence is quenched by acidification around the physiological pH (pK a 6.9). Because the yellow fluorescence is more pH sensitive than the cyan fluorescence, a drop in pH thereby mimics a drop in [Ca 2+ ] during ratio measurements. The pH changes can be recognized from the Ca 2+ changes, however, as both the cyan and To circumvent the pH dependency, the group of Roger Tsien added two new mutations within the EYFP module (V68L and Q69K), which decreased its pK a to 6.1 [10] . These "improved cameleons" (YC2.1, YC3.1, and YC4.1, with Ca 2+ sensitivities matching the YC2, YC3, and YC4 probes, respectively) are much less pH sensitive and can be readily targeted to the ER by adding the appropriate signal and retention sequences. However, folding of the modified probes is much less efficient at 37 • C and a prolonged incubation period at 30 • C is often required to ensure protein expression in the ER. In addition, the dynamic range of the ER-targeted low affinity probe (YC4.1 ER ) was reduced (R max /R min : 1.3), impairing its ability to measure Ca 2+ accurately in the ER. Thus, despite their better pH stability, the improved YC have not been used extensively for ER Ca 2+ measurements.
A further improvement in the pH sensitivity of EYFP was conferred by the Q69M or "citrine" mutation [14] . This mutation decreased the pK a of EYFP to 5.7, removed its sensitivity to halides and improved the folding of the protein at 37 • C as well as its photostability. Inclusion of citrine as the FRET acceptor in a cameleon probe resulted in a more pH-resistant cameleon, YC3.3, with Ca 2+ affinity matching the YC3 probe. The ratio of the emitted fluorescence (528/476 nm) was stable in the pH range 6.5-7.5, whereas the other properties, which were assessed in vitro only for the cytosolic version, were similar to the previous cameleons (Table 1) . A citrine-based YC fused with the N-terminus of the human galactosyltransferase type II (GT-YC3.3) was used to measure the Ca 2+ signals in the Golgi complex, a compartment that is more acidic than the ER (pH ∼6.5). The probe was near saturation in unstimulated cells, indicating that the Golgi Ca 2+ concentration is high, and Ca 2+ changes elicited by ionophores could be readily detected despite the acidic conditions [14] . Because of their improved photo stability and reduced sensitivity to pH and chloride, the citrine-based cameleons should thus be more reliable than the original YC for Ca 2+ measurements in acidic compartments.
All the YC suffer from a small dynamic range, the maximal changes in ratio between the Ca 2+ -free and Ca 2+ -saturated state (R max /R min ) being around two in vitro, and ranging between 1.3 and 1.7 in situ (Table 1 ). In the ER, the changes in ratio observed during physiological stimulation cover only a fraction of the full dynamic range, less than 10% [12, [15] [16] [17] . This limited range makes the quantification of the physiological fluctuations in [Ca 2+ ] ER very difficult. To improve the dynamic range, the group of Mitsu Ikura designed a new cameleon bearing a Ca 2+ -sensing module derived from CKKp, the CaM-binding peptide of CaM-dependent kinase kinase [18] . Based on the structure of CKKp-bound calmodulin, which suggested that CKKp could fit within the linker region connecting the two EF-hand domains of CaM, CKKp was sandwiched between the N-terminal and the C-terminal fragment of CaM. The resulting Ca 2+ -sensing module (N-CaM-CKKp-C-CaM) is shorter than the original CaM-M13 module, decreasing the distance between the two GFP from 60 to 40 Å in the Ca 2+ -bound state. The closer proximity of the two CFP/YFP partners increased the FRET efficiency in the presence of Ca 2+ , and thus the dynamic range. This new CKKp-based YC, dubbed YC6.1, displayed a monophasic Ca 2+ -dependency with an apparent dissociation constant of 110 nM, and responded in a linear manner to Ca 2+ changes ranging from 50 nM to 1 M. Comparison of the cytosolic version of YC6.1 with the YC2.1 probe in HeLa cells stimulated with histamine revealed that the new probe had a slower response time, but a much improved dynamic range (2.1 vs. 1.4). The YC6 series thus offers an interesting alternative to other YC which are based on the CaM-M13 module, especially when a good signal-to-noise ratio is critical, as is the case for [Ca 2+ ] ER measurements. Both, a nuclear and an ER-targeted version of the CKKp-based YC have been generated (YC6.1 nu and YC6.2 ER ), but these probes remain to be evaluated.
The increase in dynamic range achieved with the YC6 probes was less than anticipated based on the shorter distance predicted by the structure-based design, possibly because the FRET efficiency also depends on the proper orientation between the donor and acceptor chromophores. The YC6 probes also used as FRET acceptor the second generation "improved" EYFP (V68L/Q69K), which still retains significant pH and halide sensitivity, is sensitive to bleaching, and matures very slowly at 37 • C or in some organelles. Because the FRET signal is mainly limited by maturation of the EYFP acceptor (see below), attempts were made to generate EYFP mutants that mature more efficiently. For this purpose, Nagai et al. introduced the mutation F46L, found during the random mutagenesis of the pericam probes to greatly enhance maturation at 37 • C [19, 20] . The F46L mutation greatly accelerated the rate of chromophore formation, an effect that was specific to EYFP and could not be transposed to the blue, cyan or green versions of the fluorescent protein. Inclusion of the well known folding mutations F64L/M153T/V163A/S175G further increased the folding of EYFP by about ∼15-fold, generating a probe that folds and re-oxidizes much faster than the original EYFP. The faster folding and maturation resulted in a 30-fold increase in the fluorescence intensity when the protein was expressed in E. coli, and in an eightfold increase in fluorescence when the protein was expressed in mammalian cells. These bright probes, that fold and form the chromophore very efficiently at 37 • C, were named "Venus". The excitation and emission spectra of the Venus probes, as well as their extinction coefficient (the ability of the fluorophore to capture light) and fluorescence quantum yield (the ability of the fluorophore to convert incoming light into emitted fluorescence) were not significantly altered compared to the original EYFP. The rate of bleaching was similar to the other YFPs, and was not improved by the addition of the citrine mutation (Q69M), but the chloride and pH sensitivity of the Venus fluorescence was reduced (pK a 6.0). The pH insensibility of the Venus probes allowed to image dense-core granules, which are very acidic. Importantly, all cells expressing dense-core targeted Venus displayed a similar fluorescence pattern, indicating that cell-to-cell variability of expression was improved in the Venus mutant. Using Venus as a FRET acceptor in place of the EYFP module, Nagai et al. produced a rapidly maturing cameleon probe, YC2.12 [20] . This "Venus-cameleon" was tested in a mouse cerebella slice by ballistic particle-mediated gene transfer of the cDNA. After only 4 h, a variety of cells located throughout the slice were brightly fluorescent, with clean cytosolic staining observed in a Purkinje neuron. The YC2.12 probe responded adequately to Ca 2+ changes and its dynamic range appears to be similar to previous cameleons. Because of its fast and efficient maturation, the YC2.12 probe should allow the immediate detection of Ca 2+ signals in freshly prepared cells or tissues.
In a different approach, a Red cameleon was constructed using the red fluorescent protein from Discosoma (DsRed) as FRET acceptor. The broad excitation spectra of DsRed prevented the use of CFP or YFP as FRET donors, but a good separation could be achieved by using a Sapphire fluorescent protein as donor. The Sapphire-Red cameleon probe (SapRC2) can be excited at 400 nm, and the emission ratio measured at 580/510 nm. The dynamic range of SapRC2 expressed in HeLa cells was poor, around 1.3, and significant bleaching of the DsRed was reported when using a laser scanning confocal microscope. Because both Sapphire and DsRed red are pH insensitive (pK a ∼5.5), the SapRC probe is resistant to acidification down to pH 5.5. The response time to histamine stimulation of HeLa cells, however, was relatively slow. This might reflect the tendency of DsRed to aggregate, which led to the formation of homotetramers of SapRC2. Indeed, the fact that the homotetramers were still able to function as a Ca 2+ indicators was surprising, given the large conformational change required to produce the Ca 2+ -dependent change in the FRET signal. The recent engineering of a monomeric DsRed [21] opens the way to the generation of monomeric red cameleons, which might display more interesting properties and offer an alternative to the yellow cameleons. Each of the probes described above has specific advantages. A better YC construct could be generated by combining their most attractive properties, for instance by using the Ncam-CKKp-Ccam as Ca 2+ sensing module and Venus as the yellow FRET acceptor. Such a construct should mature rapidly at 37 • C and exhibit a bright fluorescence, with a purely monophasic Ca 2+ dependency and a dynamic range higher than 2. Better probes will certainly be generated by such simple modular engineering of existing cameleons or by structure-based design of fluorescent proteins.
Critical factors affecting cameleon measurements
The main advantage of genetically encoded indicators is that cells will produce the fluorescent protein endogenously. The cell sorting machinery is then exploited to address to specific compartments the probes fused to specific targeting signals, retention sequences, or parts of adaptor proteins. This is also the main disadvantage of the approach, which entirely relies on the cell-transcriptional, -translational, and post-translational machinery. This last step is critical, as the cells not only have to put the probe in the correct compartment, but should allow the proper maturation and folding of a fluorescent Ca 2+ -binding protein made up of two GFP mutants. Many steps between the addition of the probe cDNA and its expression as a functional Ca 2+ probe can be optimized, as discussed below, but remain dependent on a host of cell-specific factors that are only partially in the hands of the experimenter.
Expression
Measurements with YC critically depend on the ability of the recipient cells or tissue to take up the gene transferred and to transcribe and translate the genetic material efficiently. Regardless of the technique used for gene transfer, a significant time lag is required before Ca 2+ measurements can be performed. For cDNA transfection with either Ca 2+ -phosphate or cationic lipids, the measurements are typically performed between 2 and 5 days after gene transfer into the cells [9, 12, [15] [16] [17] . Attempts to maximize the efficacy of transfection often cause a significant fraction of cells to become brightly fluorescent, with most of the fluorescence originating from irrelevant cell locations. This indicates a defective maturation of the protein, and/or saturation of a step along its synthesis or trafficking pathway, leading to the accumulation of mature or immature forms of the probe into undesired cell compartments. Imaging measurements can still be performed on the subpopulation of cells with "correct" addressing, but these cells must be selected visually, which might bias the interpretation of the results. Fluorescence measurements in cell populations cannot be performed in this case, as they will be contaminated by the strong signal of the mislabeled cells. One way around this problem is to transfect cells with low efficiency, in order to have only a few cells with weak fluorescence, but correct staining. Another approach is to generate stable cell lines, which have the additional benefit to allow high-throughput fluorescence readouts in cell populations. However, the generation of cell lines is tedious and relies on lengthy selection procedures. The use of lentiviral-based vectors provides a more efficient way to integrate the exogenous DNA into the host genome, even in cells failing to take up exogenous DNA applied with Ca 2+ -phosphate or lipid-based protocols [22] . This gene delivery system appears better suited for YC expression in cells or tissues. However, the recipient cells must still be able to address the protein into the desired compartment where it must fold and mature properly to become fluorescent.
Maturation and folding
GFP maturation is a complex process that involves the folding of the protein into a native conformation, cyclization of the internal tripeptide that forms the chromophore, and the subsequent oxidation of the chromophore, a process that requires molecular oxygen. All these steps are affected by the local environmental conditions existing in the different cell types and/or intracellular compartments where the probes are expressed. Differences in protein content, ionic strength, pH, and redox conditions will influence GFP folding and chromophore maturation. Mutations within the GFP or in adjacent linker regions, which often alter the immediate environment of the chromophore, also affect GFP folding and maturation. As a result, the fluorescence properties of GFP-based probes often differ from one construct to the other, between different cell types, and between different subcellular locations. Among GFP mutants, the yellow-emitting mutant appears to be the most sensitive to structural or environmental alterations, probably because the aromatic substitution responsible for the ∼20 nm shift to longer excitation and emission wavelengths (T203Y) increases the local polarizability immediately adjacent to the chromophore [23] . This renders the YFP fluorescence much more sensitive to photobleaching, protonation, and quenching by halides [24] . Because all cameleon probes except the recently developed red cameleons use EYFP as a FRET acceptor, the properties of the YC probes depend in large part on the properties of the EYFP module. Maturation of the EYFP also limits the FRET efficiency of the YC, because YC proteins bearing an immature EYFP acceptor are unable to engage in FRET. The light emitted by these immature YC thus dilutes the FRET signal of mature donor-acceptor pairs [25] . Thus, the efficiency of YC as Ca 2+ probes critically depends on the proper maturation and folding of their EYFP module.
GFP folding is a slow process that proceeds better below 37 • C. Lowering the temperature has a beneficial effect on GFP folding, and the improper behaviour or targeting efficiency of some YC can thus be rescued by incubating the transfected cells at 30 • C for a few hours [9] . GFP maturation and targeting efficiency is also highly dependent on the protein expression levels. High levels of transfection favour the accumulation of immature proteins, which might either fail to generate fluorescence upon illumination (thereby reducing the quantum yield) or fail to be targeted appropriately. This affects the relevant signals in three ways: (1) [10] . Thus, the fluorescence properties of the YC probes depend on the construct and cell type used as well as on the organelle measured, and are affected by changes in protein expression levels, temperature, and redox conditions. A careful calibration is thus critical to obtain meaningful information using cameleon probes.
Technical limitations
Even with an ideal Ca 2+ probe, capturing Ca 2+ signals within the lumen of the ER poses a major technical challenge. Ca 2+ signals are extremely versatile in both time and space, with highly local signals lasting a few milliseconds and global oscillatory responses lasting for hours or days. This versatility is due in large part to the controlled release and uptake of Ca 2+ from the ER, implying that the Ca 2+ signals occurring within the ER lumen are equally versatile. Imaging local and global Ca 2+ signals is already challenging in the cytosol, and becomes much more difficult in the ER because of the complex and dynamic nature of this organelle (Fig. 2) . A high spatial resolution is required both in the axial and lateral direction to resolve the fine, convoluted structure of the ER. At the same time, a temporal resolution in the millisecond range is required to capture local Ca 2+ events. Rapid acquisition is also needed to "freeze" the moving ER structure in order to preserve the spatial resolution. For ratio measurements, images must be acquired at two different wavelengths and must present sufficient signal-to-noise to allow the quantification of the fluorescence signal. Finally, several optical sections must be acquired to reconstruct the complex three-dimensional structure of the ER. Thus, to capture Ca 2+ events in their totality, the entire volume of the cell should be imaged at high-resolution in a few tens of milliseconds, at two wavelengths and with sufficient signal-to-noise, while using minimal illumination to avoid phototoxicity and reduce photobleaching. Most [Ca 2+ ] ER recordings published so far have not been performed under these ideal conditions, but instead using standard equipment consisting of a wide-field microscope equipped with a CCD camera and an emission filter changer to sequentially acquire cyan and yellow cameleon images. In this configuration, exposure times typically range between 0.5 and 2 s because cells with proper YC targeting are not very bright and illumination must be kept low to avoid photochromism. The final time resolution thus rarely exceeds 1 ratio/s and is often closer to 1 ratio every 4-5 s. In these conditions, rapid Ca 2+ events are not detected and the spatial resolution is impaired by the mobility of the organelle. Signal quantification is also problematic, because the division (ratio) of two separate images acquired at >1 s intervals generates significant amounts of noise on the ratio image. The most significant problem occurs in regions of low fluorescence such as the organelle edges, whose displacement between sequential images leads to multiplication or division by near-zero values, producing "dark" or "hot" pixels on the ratio image. These irrelevant pixels can be disregarded by applying a low intensity threshold or by merging 1 We have no financial interests in any of the companies that we refer to. the intensity and ratio images (intensity modulated ratio), but in any case the [Ca 2+ ] ER values cannot be accurately estimated in the underlying ER regions. Movements of the underlying structure during acquisition also tends to smooth out potential differences in [Ca 2+ ] ER between distinct ER regions. Thus, not surprisingly, most studies performed with this optical configuration have reported only spatially averaged [Ca 2+ ] ER values [9, 10, [15] [16] [17] 26, 27] .
A significant improvement can be achieved by placing a beam splitter in front of the CCD camera [28] . In this case, the emitted light is split by a dichroic/filter combination and the two spectrally separated images are projected on two different portions of the same CCD chip. Proper alignment of the image splitter ensures perfect registration of the two images, allowing the precise calculation of the ratio values even at the organelle edges. The lack of time delay between the two cyan and yellow images also greatly improve the accuracy of the ratio images, and doubles the time resolution. Another, more expensive solution is to use two cameras to acquire the cyan and yellow images simultaneously [29] .
Using a confocal microscope is the best way to increase the spatial resolution. Confocal YC measurements can be performed with single photon excitation using the 458 nm line of an Argon laser [30] , but this line is about ∼30 nm higher than the peak of the ECFP excitation. More efficient excitation of the YC can be achieved with 442 nm line of a HeCd laser, but a specific laser must be purchased for this purpose. Recent solid-state lasers, which can provide up to 25 mW at 430 nm, might be better suited for this application. YC can also be imaged with two-photon excitation in the wavelength range 770-810 nm [31, 32] . Video-rate two-photon imaging of YC provides optimal spatial and temporal resolution, but is unfortunately not readily available to most laboratories. A more affordable solution is offered by the use of a spinning disk confocal system (Nipkow), which can be easily implemented on a standard wide-field microscope equipped with a cooled CCD camera [33] . Such a system equipped with a beam splitter on the emission part provides a simple solution for noise-free confocal FRET imaging. The use of a sensitive, back-illuminated frame-transfer CCD camera allows to increase the time-resolution to ∼10 ratio images/s, allowing to resolve rapid, localized [Ca 2+ ] ER changes.
Calibration
Like fura-2, the key parameters required to convert YC ratio values into Ca 2+ values are the apparent K d of the probe, which is assumed to remain constant between experiments, and the maximal and minimal ratio values, which have to be determined for each individual experiment (R min and R max ). The apparent K d measured in living cells can vary significantly from that obtained in vitro, so a titration calibration is highly recommended when existing probes are expressed in a new cell type or organelle or when new probes are generated by genetic engineering. The complete calibration curve can be obtained by incubating cells sequentially with solutions of known Ca 2+ concentrations buffered with 5 mM EGTA and 5 mM HEEDTA for Ca 2+ below 100 M, and 5 mM citrate for Ca 2+ above, using the calculation described in Ref. [34] .
Because of the high pH sensitivity of YC, particular care has to be taken to avoid pH variations during the Ca 2+ calibration. The calibration solutions contain 140 mM KCl, pH 7.2 to mimic the composition of the cytosolic and ER compartments, plus 10 M monensin and 10 M nigericin to equilibrate the pH across organelle membranes. Equilibration of [Ca 2+ ] ER with ionomycin is problematic, as Ca 2+ must be clamped both in the cytosol and in the ER. Low concentrations of digitonin (5 g/ml) can be added to favour Ca 2+ equilibration between the external medium and the cytosol. However, higher concentrations should not be used to preserve the organelle integrity and to avoid the loss of YC in the external medium. After obtaining the calibration curves, the apparent K * d and Hill coefficient (n) can be extracted and used to transform the emission ratio (R) in [Ca 2+ ] according to the equation:
Because of cell-to-cell heterogeneity in cytosolic and ER pH as well as in YC fluorescence levels, R max and R min have to be systematically determined at the end of each experiment. This implies that at least 30 min has to be devoted to the calibration, a necessary price to get quantitative [Ca 2+ ] ER readouts with YC. Unlike fura-2, the R max value is more problematic to obtain than the R min value, because of the low Ca 2+ affinity of ER-targeted cameleon. Typically, 20 mM Ca 2+ has to be used to get a reliable R max , and 20 mM EGTA for R min . Practically, after the experiment, the solution is exchanged to a high K + -buffered one containing 20 mM EGTA, pH 7.2. After about 5 min, the ionophores are added (ionomycin, nigericin and monensin) and the cells allowed to equilibrate for ∼20 min to get the R min . Then, the solution is switched to 20 mM Ca 2+ , and after 5 min, the ionophores are added again. R max is obtained after about 15-20 min of equilibration.
Although this tedious procedure allows to obtain reliable R max and R min values, it provides only spatially-averaged values. This is because, at high Ca 2+ concentrations, the ER loses its fine reticular architecture and condenses around the nucleus. Because the ER does not retain its shape during the calibration procedure, a pixel-to-pixel calibration map cannot be obtained. For this reason, it is important to select cells with homogenous ER staining, to maximize the likelihood that the YC probes will behave similarly in distinct ER regions.
Understanding ER Ca 2+ homeostasis using cameleons
Although the limitations described above have somewhat limited the potential use of the cameleons, several groups have successfully used these probes to obtain new information on ER Ca 2+ homeostasis. Measurements with ER-targeted YC indicated unambiguously that resting [Ca 2+ ] ER values ranged from 250 to 600 M [9, 10, 12, [15] [16] [17] 26, 35] . These values are in reasonable agreement with earlier measurements using fluorescent dyes or aequorin [4] [5] [6] 36] , and indicate a high degree of cell-to-cell heterogeneity. Time-resolved [Ca 2+ ] ER measurements with YC revealed that the Ca 2+ turnover across the ER membrane was surprisingly high, both at rest and during agonist stimulation [12, 15, 17, 35] . A significant ER Ca 2+ "leak" was unmasked by inhibition of SERCA ATPases, indicating that the ER has a high passive permeability to Ca 2+ . The leaky nature of the ER might stem from the dual role of this organelle as a protein factory and Ca 2+ store, as the "leak" pathway appears to be sensitive to puromycin [37] . As a result of the high Ca 2+ leak, an equally high active pumping of Ca 2+ is required to maintain the high resting [Ca 2+ ] ER levels. Cells thus spend a substantial amount of energy in a futile cycle of Ca 2+ because the ER is not a "tight" organelle.
Active Ca 2+ pumping was also prominent during agonist stimulation. In HEK-293 expressing the TRH receptor, TRH decreased [Ca 2+ ] ER from 500 to 100 M in the absence of thapsigargin, and to 5-10 M in the presence of thapsigargin [15] . This indicates that the ER is continually refilled during agonist stimulation. Accordingly, substantial Ca 2+ pumping activity was detected when Ca 2+ was readded to HEK-293 cells stimulated with InsP 3 -releasing agonists [35] . Active ER refilling can also be detected as oscillations in [Ca 2+ ] ER which can be occasionally observed during stimulation of HeLa cells with histamine (ND, unpublished observations). The contribution of specific SERCA isoforms to ER refilling was assessed in the insulin-secreting cell line MIN6 using ER-targeted YC. The resting [Ca 2+ ] ER decreased from 250 to 100 M upon microinjection of antisense oligonucleotides directed against the SERCA2b, but not the SERCA3 isoform, implicating the ubiquitous SERCA2b as the major ER Ca 2+ -ATPase in this cell type [17] .
YC measurements have allowed to study the link between the ER and plasma membrane channels. The link between [Ca 2+ ] ER and store-operated Ca 2+ influx has been studied in oocytes and in HEK cells overexpressing the ER-resident Ca 2+ -binding protein calreticulin [16, 35] . In both systems, store-operated Ca 2+ influx was found to correlate strictly to [Ca 2+ ] ER levels, whereas earlier measurements with fura-2 suggested that CCE was inhibited in calreticulin overexpressers despite full depletion of stores [38] . The strict correlation between [Ca 2+ ] ER and store-operated Ca 2+ entry was confirmed by imposing acute changes in [Ca 2+ ] ER with TPEN, a low-affinity membrane-permeant Ca 2+ chelator [35] . By combining YC measurements with electrophysiological recordings in endothelial cells, Frieden et al. have studied the interactions between the ER and K + channels [39] . ER regions close to the plasma membrane were shown to generate local microdomains of high Ca 2+ near the mouth of K + channels, allowing moderate concentrations of agonists to activate endothelial K + channels and to amplify Ca 2+ signals.
The ER-targeted YC have been used to study the link between [Ca 2+ ] ER and apoptosis. Cells expressing the antiapoptotic protein Bcl-2 had decreased [Ca 2+ ] ER levels and were more resistant to apoptosis [26] , consistent with results obtained with aequorin [40] . Conversely, in cells overexpressing calreticulin, the increased total ER Ca 2+ content correlated with increased [Ca 2+ ] ER levels and with an increased susceptibility to apoptotic stimuli [35, 41] . In contrast, cells lacking calreticulin had normal [Ca 2+ ] ER levels, but a decreased total Ca 2+ content and were more resistant to apoptosis [42] . The induction of the apoptotic cell death program thus appear to correlate with the calcium content of the ER.
YC have also been used to study the interactions between the ER and mitochondria. By measuring the kinetics of [Ca 2+ ] ER changes in ER regions close or far from mitochondria, mitochondria were shown to favour the local refilling of neighboring ER regions [12] . The presence of mitochondria thus determines the extent of depletion of ER regions, by enabling the local recycling of Ca 2+ to vicinal regions of the ER. This cycling of Ca 2+ between the ER and mitochondria might have important implications, by coupling the function of mitochondria to the ER Ca 2+ content.
In conclusion, cameleons are opening a new window on the cellular aspects of Ca 2+ signaling. Important information has already been obtained with the first generations of cameleon probes regarding the local dynamics of Ca 2+ signals inside the ER, the regulation of ER Ca 2+ fluxes, the interactions between the ER, mitochondria, and plasma membrane channels, and the role of the ER in normal and pathological conditions. The ongoing development of new GFP-based Ca 2+ indicators coupled with improvements in imaging technology will undoubtedly reveal new and exciting features of the subcellular aspects of Ca 2+ signals and allow a better understanding of the ER Ca 2+ homeostasis.
